Introduction {#s1}
============

The current availability of numerous sequenced genomes has extended our knowledge of the diversity of hemoglobins (Hbs) in living organisms. In vertebrates, Hbs were historically recognized as oxygen transporters. However, phylogenetic analyses have demonstrated that all Hbs are likely to have emerged from a bacterial single-domain globin that showed one or more intrinsic enzymatic functions \[[@BCJ-476-2111C1]\]. This globin later evolved in multicellular eukaryotes with new properties, including reversible binding of diatomic ligands, such as oxygen, carbon monoxide (CO), nitric oxide (NO), and hydrogen sulfide which enabled transport and storage, and detoxification functions \[[@BCJ-476-2111C2]\]. In land plants, two different types of Hbs have been identified: symbiotic (sHbs) and non-symbiotic (nsHbs). NsHbs are functionally and genetically distinct from sHbs, they exhibit the classical myoglobin-fold (Mb-fold), and can be divided into class-1, -2, and -3 \[[@BCJ-476-2111C3]\]. All together, plant Hbs have been renamed to phytoglobins \[[@BCJ-476-2111C4]\]. In monocot plants such as rice and barley, only class-1 nsHbs have been found. Eudicot plants such as Arabidopsis, on the other hand, have both class-1 and class-2 nsHbs. Class-3 nsHbs, also known as truncated Hbs (trHbs), have been found in all plants and resemble the truncated globins found in bacteria \[[@BCJ-476-2111C3]\]. Nodulating eudicot plants additionally have sHbs which are known as Leghemoglobins (Lbs) \[[@BCJ-476-2111C4],[@BCJ-476-2111C5]\].

Unlike oxygen-transporting Hbs from vertebrates and legumes, also known as pentacoordinated Hbs because their heme iron is only bound to the protein by a proximal histidine, most nsHbs are hexacoordinated due to a distal histidine that reversibly binds to the sixth coordination site of the heme iron \[[@BCJ-476-2111C6]--[@BCJ-476-2111C8]\]. As demonstrated by ligand binding studies, the mechanisms used to establish appropriate binding kinetics (and thus affinities) and distinct fractions of hexacoordination in different Hbs involve the combined interactions of the proximal and distal histidines, affecting for instance, their oxygen affinity \[[@BCJ-476-2111C3],[@BCJ-476-2111C9]\].

When referring to the physiological role of plant Hbs, it is widely accepted that they are unlikely to act as oxygen transporters mainly due to their low oxygen dissociation constants \[[@BCJ-476-2111C3]\] and often low concentrations in the cell. Instead, it has been suggested that plant Hbs are involved in nitrogen metabolism and the following activities have been proposed: (i) NO dioxygenase (NOD) \[[@BCJ-476-2111C10]\], (ii) nitrite reductase (NiR) \[[@BCJ-476-2111C11],[@BCJ-476-2111C12]\], and (iii) hydroxylamine reductase \[[@BCJ-476-2111C13]\]. It has also been suggested that the activity of plant Hbs may depend on the level of oxygenation \[[@BCJ-476-2111C12]\] or on the presence of a specific substrate \[[@BCJ-476-2111C13]\]. However, a lack of consensus exists and the functions of these proteins remain unclear. What is clear is that regardless of the reactions plant Hbs perform, they are limited by the rates at which they can be reduced to their active ferrous form \[[@BCJ-476-2111C14]--[@BCJ-476-2111C16]\].

The knowledge described above about plant nsHbs has been gained mainly from monocot plants \[[@BCJ-476-2111C12],[@BCJ-476-2111C13],[@BCJ-476-2111C17]\] and one eudicot \[[@BCJ-476-2111C11]\], all of them species that diverged later in the evolution. There is a need for data on more divergent species which would allow us to compare the activities of nsHbs more widely and thus evaluate the significance of their roles in each organism \[[@BCJ-476-2111C12],[@BCJ-476-2111C18]\].

Sugar beet (*Beta vulgaris* ssp. *Vulgaris*) is a member of the order Caryophyllales. This group comprises angiosperms that emerged early, just after the divergence of monocot and eudicot plants and it includes several crops of great economic importance to the food and energy industries \[[@BCJ-476-2111C19],[@BCJ-476-2111C20]\]. In a previous study, three nsHbs were found in sugar beet, BvHb1.1, BvHb1.2 (class-1), and BvHb2 (class-2). A holistic study of their expression indicated that both class-1 were highly expressed during germination while BvHb2 was mainly expressed during the vegetative stage of the plant. Since BvHb1.1 was found to carry a cTP (chloroplast transport peptide) at the N-terminus, it was suggested to be located inside chloroplasts \[[@BCJ-476-2111C18]\].

The role of nsHbs in the regulation of NO in plants has been recognized and widely accepted for a long time \[[@BCJ-476-2111C21]\] and even though mechanisms by which this occurs have been proposed \[[@BCJ-476-2111C22]\] the bimolecular rate constants of the plausible NO reactions remain unknown, even for the species where the role was first proposed, barley \[[@BCJ-476-2111C17]\]. Here, for the first time, we present a thorough biophysical characterization of the three nsHbs with respect to NO and nitrite. Since the localization and expression levels of the three BvHbs is well stablished \[[@BCJ-476-2111C18]\] it is possible to assign a role to each of the three BvHbs, based on their location and their intrinsic reactivity with oxygen, NO, and nitrite.

Hence, here we report a comprehensive and integrated biophysical study of three nsHbs in sugar beet. We have analyzed their reactions with oxygen, CO, NO, and how these are regulated by the coordinating distal histidine. We also evaluate their capacity to carry out NiR and NOD-like functions. The functional implications of these studies are discussed in light of the differential expression of the three BvHbs *in vivo* \[[@BCJ-476-2111C18]\] and the present knowledge on seed germination, and sugar translocation. The results expand our knowledge on the redox chemistry of plant Hbs opening new possibilities for research, breeding and engineering of plants.

Materials and methods {#s2}
=====================

Expression systems {#s2a}
------------------

The three sugar beet nsHbs with GenBank Accession No. KF549980 (BvHb1.1), KF549981 (BvHb1.2), and KF549982 (BvHb2) \[[@BCJ-476-2111C18]\] were custom synthesized by Epoch Biolabs (U.S.A.). Recombination-based cloning, and transformation were carried out according to instructions (Gateway^TM^, Invitrogen). The genes were individually cloned into a pET-DEST42 plasmid and the three final expression vectors transformed into BL21-DE3 *E*scherichia *coli* cells.

Growth conditions for expression {#s2b}
--------------------------------

Cells containing the expression vectors were grown in sterile TB medium containing 100 µg/ml carbenicillin at 37°C and 150 rpm until *A*~600~ ≥ 2. Expression of nsHbs was then induced by adding 0.5 mM IPTG, and 0.3 mM δ-aminolevulinic acid. The cells were also briefly bubbled with CO to obtain a stable CO-BvHb when expressed. After induction, cells were grown overnight at 22°C, 150 rpm, then collected by centrifugation and finally snap-frozen at −80°C until used.

Purification of recombinant BvHbs {#s2c}
---------------------------------

All procedures were performed at room temperature and all buffers were pH adjusted. BvHb1.2 and BvHb2 cells were separately resuspended in extraction buffer (50 mM Tris--HCl, pH 8.5, 50 mM NaCl, 25 mM glucose, 1 mM EDTA, 10 µM ascorbic acid, and 5% glycerol, 2 ml per gram of cells). The resuspensions were disrupted by sonication (Q500 Qsonica) and the lysate was clarified twice by centrifugation at 27 000***g***, first 45 min and then 30 min.

An ÄKTA explorer system (GE Healthcare) was used for purification. Recombinant BvHb1.2 was first loaded into a Q-Sepharose FF column and eluted with start buffer (50 mM Tris--HCl, pH 8.5) plus 50 mM NaCl. The red fractions were concentrated using 10 kDa Viva-Spin columns (Vivascience). Ammonium sulfate was then added to the pooled sample to a final concentration of 0.8 M. The sample was then loaded onto a Butyl-Sepharose HP column previously equilibrated with 50 mM Tris--HCl pH 8.0 buffer plus 0.8 M ammonium sulfate. BvHb1.2 was eluted with a 10 CV (column volume) linear gradient ranging from 0.8 to 0 M ammonium sulfate in 50 mM Tris--HCl pH 8.0 buffer. Finally, the protein was loaded onto a Q-Sepharose HP column, and a linear gradient of NaCl from 0 to 100 mM in 50 mM Tris buffer at pH 8.5 was used for elution.

Recombinant BvHb2 was purified in a similar way to BvHb1.2 with some modifications. In the first step, a DEAE-Sepharose FF column was used and the protein was eluted with start buffer plus 200 mM NaCl. In the second step, ammonium sulfate was added to the sample to a final concentration of 0.9 M and the elution was carried out with a 10 CV gradient of 0.9--0 M ammonium sulfate. The final step was the same except that 200 mM NaCl was used to recover the protein.

Since BvHb1.1 carries a leading peptide at the N-terminal region \[[@BCJ-476-2111C18]\], it aggregated when overexpressed. Therefore, after lysis, the aggregated protein was solubilized in 50 mM Tris--HCl pH 8.0, 200 mM NaCl, 6 M Urea, and 1 mM ascorbic acid. The BvHb1.1 solution was then loaded onto a SP-Sepharose FF column pre-equilibrated with start buffer (50 mM Tris--HCl pH 8.0 and 200 mM NaCl) and then eluted with start buffer plus 0.5 M NaCl. The purified nsHbs were analyzed by SDS--PAGE and total heme was determined using the pyridine hemochrome heme assay \[[@BCJ-476-2111C23]\]. They were then flash-frozen in liquid nitrogen and stored at −80°C until needed.

Molecular mass of recombinant nsHbs {#s2d}
-----------------------------------

The native molecular masses were determined by gel filtration on a HiLoad 16/60 Superdex 200 pg prepacked column (GE Healthcare) using 50 mM sodium phosphate pH 7.2 plus 150 mM NaCl as column buffer and according to the instructions in the Gel Filtration Calibration Kit (GE Healthcare) using the native protein standards: Ferritin (444 kDa), Aldolase (158 kDa), Conalbumin (75 kDa), Ovalbumin (43 kDa), Carbonic anhydrase (29 kDa), RNAse (13.7 kDa), Aprotinin (6.5 kDa). The molecular mass of the monomers of BvHb1.2 and BvHb2 were also determined by mass spectrometry \[[@BCJ-476-2111C24]\].

Bimolecular association rates {#s2e}
-----------------------------

The ligand rebinding for CO and oxygen (O~2~) to BvHbs was determined by flash photolysis. The apparatus used for the flash photolysis experiments consisted of an Applied Photophysics LKS80 nanosecond flash photolysis spectrophotometer equipped with a xenon light source, dual monochronometers and a Nd:YAG laser. Samples for flash photolysis were prepared as follows: 0.1 M sodium phosphate pH 7.0, was bubbled with either CO or O~2~ for 20 min. This solution was then mixed with argon degassed buffer in a separate syringe to generate different CO or O~2~ concentrations to be used in each experiment. A solution of 10 µM ferrous BvHb in 0.1 M sodium phosphate buffer pH 7.0, containing an excess of sodium dithionite, was mixed with the solutions of CO (62.5--1000 µM) or O~2~ (10--500 µM). Each sample was used to completely fill a glass cell with a 10 mm path length which was sealed with a rubber septum. All rapid mixing experiments were conducted at 20°C. The reactions were followed at 430 and 416 nm or 430 and 410 nm for CO and O~2~ binding, respectively.

Carbon monoxide combination rate {#s2f}
--------------------------------

Solutions of ferrous BvHb (10 µM) in 0.1 M sodium phosphate pH 7.0 containing an excess of sodium dithionite were rapidly mixed with solutions of CO (25--1000 µM), prepared as above, using an Applied Photophysics SX20 stopped-flow spectrophotometer fitted with a monochronometer photomultiplier or diode array detector interfaced to a PC system. All stopped-flow experiments were carried out at 20°C. The reactions were followed at 430 and 555 nm, 430 and 560 nm, and 429 and 558 nm for BvHb1.1, BvHb1.2, and BvHb2, respectively.

Oxygen dissociation rate {#s2g}
------------------------

Two different approaches were used to determine the O~2~ dissociation rates. In the first, the displacement of oxygen was determined by rapidly mixing solutions of oxyferrous BvHb with solutions of sodium dithionite (10 and 20 mM). Spectra between 375 nm and 750 nm were recorded using the diode array detector on the stopped-flow over a time course of 50 to 100 s. In the second approach, the replacement of O~2~ by CO was carried out by rapidly mixing a degassed solution of BvHb (14 µM) with a solution of CO (500 µM) plus sodium dithionite (20 mM). All experiments were carried out at 20°C using 0.1 M sodium phosphate pH 7.0.

NO binding to ferrous BvHbs {#s2h}
---------------------------

Solutions of ferrous BvHb (10 µM) in 0.1 M sodium phosphate pH 7.0 containing an excess of sodium dithionite were rapidly mixed with Proli NONOate (Cayman chemicals, U.S.A.). A stock solution (80 mM) was freshly prepared by dissolving 10 mg of Proli NONOate in 1 ml of degassed NaOH (25 mM) and kept on ice (0°C) where it is stable for 24 h. The stock was diluted just before mixing and the NO concentration ranged from 800 to 25 µM. The reactions were followed monochromatically (426 nm) at 15°C for BvHb1.2 and 20°C for BvHb1.1 and BvHb2. The stopped-flow spectrophotometer used was described above.

NO dioxygenase-like activity {#s2i}
----------------------------

The described above stopped-flow spectrophotometer was used to analyze the stoichiometric reaction between oxyferrous BvHbs and NO at 10°C. Solutions of oxyBvHb (10 µM) in 100 mM sodium phosphate buffer pH 7.0 were rapidly mixed with Proli NONOate (80, 40, and 26 µM for BvHb1.1), prepared as described in the experiment above. The reactions were followed monochromatically at 408 nm for BvHb1.1 and BvHb1.2, and 430 nm for BvHb2.

Nitrate reductase activity {#s2j}
--------------------------

Nitrate reductase activity was assessed under anaerobic conditions using a method previously described \[[@BCJ-476-2111C25]\] in which 10 µM ferrous BvHb (in NaP 100 mM pH 7.0) plus 10 mM sodium dithionite was mixed with solutions of NaNO~2~ (from 25 to 200 mM) at 20°C. Reaction progress was monitored by observing absorbance changes at 426 nm.

Data analysis {#s2k}
-------------

In all cases, at least three kinetic traces were collected and averaged. The data were analyzed using the Applied Photophysics Pro-K II global analysis software except when having single wavelength data (stopped-flow and flash photolysis). In that case, it was analyzed using the Applied Photophysics ProData SX software. The OriginPro program (OriginLab) was employed for the generation of figures.

Results {#s3}
=======

Characterization and heme iron coordination of BvHbs {#s3a}
----------------------------------------------------

BvHbs were purified from *E. coli* crude cell extracts. SDS--PAGE of the protein revealed bands of 27.0, 17.0, and 15.0 kDa for BvHb1.1, BvHb1.2, and BvHb2, respectively (Supplementary Figure S1A). Native molecular masses as assessed by mass spectrometry and size-exclusion chromatography on Superdex 200 were determined to be 53.0, 38.6, and 17.5 kDa for BvHb1.1, BvHb1.2, and BvHb2, respectively ([Figure 1](#BCJ-476-2111F1){ref-type="fig"} and Supplementary Figure S1B). Therefore, it is concluded that both class-1 BvHbs are homodimers, as previously shown for other class-1 nsHbs \[[@BCJ-476-2111C26],[@BCJ-476-2111C27]\] and that BvHb2 is a monomer. Figure 1.NsHbs in sugar beet.Size exclusion chromatography (**A**) BvHb1.1 (53 kDa) eluted at 93.3 ml, nearest standards eluted at 84,69 (conalbumin, 75 KDa) and 96,9 ml (carbonic anhydrase, 29 KDa). (**B**) BvHb1.2 (38.6 KDa) and BvHb2 (17.5 KDa) eluted at 87,4 ml and 90,5 ml, respectively. The nearest standards eluted at 80,5 (conalbumin, 75 KDa) and 96 ml (RNAse A, 13.7 KDa). (**C**) The three BvHbs display spectra of ferrous low spin species typical of bis-histidyl forms after sodium dithionite addition. *Inset*, α and β peaks at the visible region. (**D**) Absorbance spectra of BvHb1.2 in its oxy- (*dotted line*), deoxy- (*dashed line*), and NO-form (*line*).

The three purified proteins displayed spectra typical of ferrous low spin species having bis-histidyl heme coordination, indicating that their heme group is hexacoordinated like other nsHbs ([Figure 1](#BCJ-476-2111F1){ref-type="fig"}) \[[@BCJ-476-2111C6]--[@BCJ-476-2111C8]\]. Reactions of hexacoordinated proteins with ligands are strongly influenced by the association and dissociation rate constants of the distal histidine residue (Scheme 1) \[[@BCJ-476-2111C28],[@BCJ-476-2111C29]\]$$\text{H}\text{b}_{{hex}\,\,}\underset{k_{H}}{\overset{k_{- H}}{\leftrightarrows}}\text{H}\text{b}_{pent} + {\; L}\underset{k_{L}}{\overset{{k^{\prime}}_{L}}{\leftrightarrows}}{\; H}\text{b}_{L}$$

A common approach to determine the rate constants for distal histidine coordination (H) and exogenous ligand (L) binding of hexacoordinated proteins is by investigating their CO binding kinetics. Assuming that the concentration of Hb~pent~ remains small and in a steady-state and that *k*~CO~ is very small, results in eqn 1 where *k*~obs.CO~ is the observed rate constant of CO binding to the hexacoordinated state of the protein \[[@BCJ-476-2111C28]\]:$$k_{{obs},{CO}} = {\frac{k_{- H}k{{}^{\prime}}_{CO}\lbrack\text{CO}\rbrack}{k_{H} + k_{- H} + k{{}^{\prime}}_{CO}\lbrack\text{CO}\rbrack}\;}$$Eqn 1 allows the determination of rate constants for hexacoordination (*k*~H~ and *k*~−H~) by using $\; k_{{CO}{.{pent}}}^{\prime}$ which is determined independently from flash photolysis experiments.

CO binding by stopped-flow rapid mixing {#s3b}
---------------------------------------

On rapidly mixing CO with any of the three BvHbs, a single exponential process was observed accounting for \>90% of the absorbance change. The spectra associated with these single exponential processes conform to that expected from static spectra namely the formation of the CO adduct from the ferrous hexacoordinate species ([Figure 2A](#BCJ-476-2111F2){ref-type="fig"} and Supplementary Figure S2). The rate constant (*k*~obs~) for this transition exhibited a hyperbolic dependance on CO concentration ([Figure 2B](#BCJ-476-2111F2){ref-type="fig"}). The asymptotic values approached at high CO concentrations depended on the protein under study and they were 118.7 s^−1^, 47.4 s^−1^, and 48 s^−1^ for BvHb1.1, BvHb1.2, and BvHb2, respectively ([Table 1](#BCJ-476-2111TB1){ref-type="table"}). These data are consistent with CO-binding to the hexacoordinated form limited by the dissociation rate constant of the intrinsic distal histidine ligand (Scheme 1). Figure 2.CO binding to BvHbs by stopped-flow rapid mixing.(**A**) Time courses for CO binding to BvHb2 following rapid mixing at different CO concentrations (from left to right: 500, 250, 125, 35, 18, and 9 µM) monitored at 429 nm. *Inset*, Absorbance spectra associated with the binding of CO to ferrous BvHb2. The direction of the spectra changes from deoxyHb (green) to HbCO (red). (**B**) CO dependance of the rate constants for binding to the three BvHbs determined by stopped-flow rapid mixing. The data are fitted to eqn 1 to extract the hexacoordination rates, *k*~H~ and *k*~-H~. The closed and open symbols are *k*~obs~ values monitored at 430 and 555 nm for BvHb1.1, 430 and 560 nm for BvHb1.2, and 429 and 558 nm for BvHb2. Table 1Ligand binding and hexacoordination rates for different plants Hbs.Eudicot plants (light blue). Eudicot plants that also have sHbs (dark blue). Monocot plants (green).^1^×10^6^ M^−1^ s^−1^;^2^s^−1^;^3^×10^6^ M^−1^;^4^$\; K_{O_{2}.pent}/(1 + K_{H})$;^5^*F*~H~ = *K*~H~/(1 + *K*~H~);^6^Rate constants for the metastable form (Hb~O,H~).

Laser flash photolysis {#s3c}
----------------------

The CO rebinding kinetics of the three proteins, after photo-dissociation, are shown in [Figure 3](#BCJ-476-2111F3){ref-type="fig"}. Here, the time courses were fitted to double exponential functions ([Figure 3A](#BCJ-476-2111F3){ref-type="fig"}). The fast phase representing the binding of CO to the transient pentacoordinate form generated by photolysis and the slow process representing the CO binding to the hexacoordinate species formed by histidine rebinding to the iron ([Figure 3B](#BCJ-476-2111F3){ref-type="fig"}). The rebinding kinetics of BvHb1.1 and BvHb1.2 may adequately be described by Scheme 1. This is observed in the CO-dependent curves obtained by stopped-flow and the slow phase of rapid mixing which are, as expected, comparable. Figure 3.CO binding to BvHbs by flash photolysis.(**A**) Time courses for rebinding of CO to BvHb1.2, after flash photolysis, monitored at 416 nm. The binding is a double exponential process at all CO concentrations (from left to right: 500, 250, 125, and 63 µM). (**B**) Fast phase and (**C**) Slow phase of the rebinding of CO to the three BvHbs. For BvHb1.1 and BvHb1.2 (both class-1) the approximate rates of the slow phase are essentially the same as reported by stopped-flow ([Figure 2B](#BCJ-476-2111F2){ref-type="fig"}). For BvHb2, this slow phase is faster than the value given by stopped-flow spectrometry. The closed and open symbols correspond to *k*~obs~ values monitored at 429 nm for BvHb2 and 416 nm and 430 nm for BvHb1.1 and BvHb1.2.

However, BvHb2, while exhibiting a fast phase corresponding to CO binding to the pentacoordinate form, displayed a slow phase the CO concentration dependance of which was significantly faster than that given by stopped-flow spectrometry ([Figure 3C](#BCJ-476-2111F3){ref-type="fig"}). This phenomenon has also been described by Trent et al. \[[@BCJ-476-2111C30]\] who accounts for the discrepancy by proposing that the hexacoordinate form populated following flash photolysis (termed 'open', Hb~O,H~) is metastable and at longer times relaxes to the closed hexacoordinate form (termed 'closed', Hb~C~) that is studied in stopped-flow experiments. Given this model, the limiting rate constant seen at high \[CO\] in stopped-flow experiments is that for the transition from the stable ferrous form (Hb~C~) ([Figure 2B](#BCJ-476-2111F2){ref-type="fig"}) while that for the slow phase following photolysis gives the histidine off rate (k~−H~) from the metastable state (Hb~O,H~) ([Figure 3C](#BCJ-476-2111F3){ref-type="fig"}). The correspondent *k*~H,~ and *k*~−H~, and K~H~ (*k*~H~/*k*~−H~) were calculated for both ferrous forms ([Table 1](#BCJ-476-2111TB1){ref-type="table"}).

The pseudo first-order constants for CO rebinding to the pentacoordinate form following flash photolysis are shown in [Figure 3B](#BCJ-476-2111F3){ref-type="fig"}. The slopes of these plots yield the bimolecular rate constants for CO rebinding to the deoxyHb intermediate ($\; k_{{CO}{.{pent}}}^{\prime}$): 3.68 × 10^6^, 1.27 × 10^6^, and 17 × 10^6^ M^−1^ s^−1^ for BvHb1.1, BvHb1.2, and BvHb2, respectively. Both class-1 BvHbs had lower bimolecular CO binding rates than BvHb2 in agreement with values reported for other plant Hbs \[[@BCJ-476-2111C3]\].

The hexacoordination values for the three sugar beet Hbs ([Table 1](#BCJ-476-2111TB1){ref-type="table"}) were calculated through analysis of the hyperbolic curves ([Figure 2](#BCJ-476-2111F2){ref-type="fig"}) obtained from stopped-flow experiments together with independently determined values of $\; k_{CO}^{\prime}$. An alternative method has been reported in which either the sum or multiple of the two pseudo first-order rate constants observed in photolysis experiments are plotted against \[CO\] \[[@BCJ-476-2111C29]\]. Determining the slopes and intercepts of these linear plots (not shown) provide a way to calculate the values of the parameters defined in Scheme 1. We have applied this method to our data. For BvHb1.1 we obtained values for k~H~ and k~−H~ broadly in agreement with those given in [Table 1](#BCJ-476-2111TB1){ref-type="table"}. For BvHb2 this analysis returned values of 539 s^−1^ and 113 s^−1^ for *k*~−H~ and *k*~H~, respectively. We have already commented above that this protein appears to behave as described by Trent et al. \[[@BCJ-476-2111C30]\] and after photolysis of the carboxy-adduct populates a metastable 'open' structure, different in conformation from the stable ferrous form but still retaining histidine coordinated to the iron as in the 'closed' ferrous structure. Given this, the *k*~−H~ value of 539 s^−1^ may be taken as the histidine dissociation rate constant for the 'open' ferrous form. If also the 'closed' structure is not (or little) populated following photolysis then the 113 s^−1^ value may be taken as the histidine association rate constant in the 'open' form. Treating the data obtained for BvHb1.2 by Scheme 1 however lead to inconsistent results. The value found for k~-H~ was 65.7 s^−1^, in reasonable agreement with the value, 47.4 s^−1^ given in [Table 1](#BCJ-476-2111TB1){ref-type="table"}, but the value for *k*~H~ became negative, clearly incorrect. The reason for anomalous result is not presently clear but the simplest explanation may be that the value of the intercept on the plot of the sum of the two rate constants against \[CO\] has been underestimated owing to error in the \[CO\] but this seems unlikely given the consistency of the other results. Rather it may arise from the fact that the simplest model (Scheme 1) and assumptions do not apply to BvHb1.2. For example, if the model required to describe BvHb1.2 needs more steps and thus includes further intermediates than the two-step model we may expect the method to breakdown. We have not so far seen evidence of such intermediates but their presence may not be obvious if the rate constants for their formation and decay are such that these are close in value to the first-order rate constants k~-H~ and k~H~ and each other. Further experiments are required to resolve this problem.

Oxygen binding and dissociation {#s3d}
-------------------------------

The association of oxygen to BvHbs could not be estimated using stopped-flow spectroscopy because this technique is limited by relatively long mixing dead times. However, the oxygen-iron bond is photo labile and recombination of oxygen with the pentacoordinate heme, following laser photolysis, may be tracked and the second-order association rate constants thus determined.

Following photo-dissociation of the oxy-complex, a single exponential rate was observed for rebinding of oxygen to the three BvHbs ([Figure 4A](#BCJ-476-2111F4){ref-type="fig"} and Supplementary Figure S3). The pseudo first-order constants for oxygen rebinding as a function of O~2~ concentration are shown in [Figure 4B](#BCJ-476-2111F4){ref-type="fig"}. The slopes of these plots yield the bimolecular rate constant for oxygen rebinding to the pentacoordinate Hb ($\; k_{O_{2}{.{pent}}}^{\prime}$in [Table 1](#BCJ-476-2111TB1){ref-type="table"}). Figure 4.Oxygen binding to BvHbs.(**A**) Absorbance spectra associated with the binding of oxygen to deoxygenated BvHb2. The direction of the spectra changes from deoxyHb (green) to oxyHb (red). Inset: Time courses for rebinding of oxygen after flash photolysis at different oxygen concentrations (from left to right: 250, 81, 39, 23, and 5 µM) monitored at 410 nm. (**B**) Dependances of the pseudo first-order ligand rebinding rates on different oxygen concentrations, as measured by flash photolysis, provide k\'O~2~ values. The closed and open symbols correspond to *k*~obs~ rates monitored at 410 and 430 nm, respectively. Time courses for the dissociation of oxygen after the addition of sodium dithionite (**C**) and when oxygen is replaced by CO (**D**).

On rapidly mixing each of the proteins with the only dithionite or with dithionite plus CO, a single homogeneous kinetic event, independent of sodium dithionite and CO concentrations was obtained for the three proteins ([Figure 4C,D](#BCJ-476-2111F4){ref-type="fig"}). The spectra associated with this kinetic event with dithionite or with dithionite plus CO conformed to that expected for the transition from oxy- to deoxy-Hb (Supplementary Figure S3) and from oxy to CO-Hb, respectively. Time courses were fitted to a single exponential curve. The dissociation constant rates $(k_{O_{2}})$ obtained when mixing sodium dithionite with oxy Hb were equal to the rates obtained when CO was used to replace O~2.~ The obtained $(k_{O_{2}})$ for BvHb1.1, BvHb1.2 and BvHb2 were 0.075, 0.158, and 0,094 s^−1^, respectively ([Table 1](#BCJ-476-2111TB1){ref-type="table"}).

The affinity of each of the BvHbs for oxygen $(K_{O_{2}})$ was determined using the values of K~H~ given in [Table 1](#BCJ-476-2111TB1){ref-type="table"} together with eqn 2 \[[@BCJ-476-2111C3]\]:$$K_{O_{2}} = \frac{K_{O_{2}.{\;{pent}}}}{1 + K_{H}}$$The $\; K_{O_{2}.{\;{pent}}}$ represents the affinity to the pentacoordinate form and was estimated from the ratio of the second-order rate constant for oxygen rebinding following flash photolysis to the rate constant for oxygen dissociation determined by stopped-flow experiments using sodium dithionite as an oxygen scavenger.

NO binding to deoxyferrous BvHbs {#s3e}
--------------------------------

On mixing the deoxy proteins with NO, rapid binding absorbance changes were seen correspondent to expectation for the formation of deoxy-nitrosyl complex ([Figure 5A](#BCJ-476-2111F5){ref-type="fig"}). The pseudo first-order rate constants (*k*~obs~) for NO binding for the three proteins are shown as a function of NO concentration in [Figure 5B](#BCJ-476-2111F5){ref-type="fig"}. These data show that *k*~obs~ in each case approaches a limiting value indicating that NO binding is limited by His~off~ (K~−H~) as seen for CO binding. These His~off~ rates are 118 s^−1^ and 44 s^−1^ for BvHb1.1 and BvHb2, respectively. In the case of BvHb1.2 it is slightly lower (36 s^−1^) which is to be expected as it was determined at lower T°. Fits to these data to eqn 1 also give estimates for the NO binding rate constants to the pentacoordinate form of the three BvHbs ([Table 2](#BCJ-476-2111TB2){ref-type="table"}). Figure 5.NO and nitrite reaction with BvHbs.(**A**) Fitted spectra changes associated with the addition of NO to deoxyferrous BvHb1.2 (from green to red). (**B**) Pseudo first-order rate constants (*k*~obs~) for NO binding for the three proteins are shown as a function of NO concentration. (**C**) Rate constants for the dioxygenase reaction was found to be linearly dependent on NO concentration for the three BvHbs. (**D**) Fitted spectra changes associated with the production of ferric Hb-NO adduct (from green to red) after the NOD reaction. (**E**) Fitted spectra changes associated with deoxyferrous BvHb1.2 following the addition of sodium nitrite. (**F**) The rate constants for nitrite reduction are plotted as a function of sodium nitrite concentrations resulting into hyperbolas. The *k*~obs~ values are taken to be the His~off~ rate constant as found with the CO and NO experiments. Table 2Kinetic values for reactions of plants Hbs with NO and nitrite$k_{\mathbf{N}\mathbf{o}\textbf{~}\mathbf{p}\mathbf{e}\mathbf{n}\mathbf{t}}^{\prime}$^[1](#tfn7){ref-type="fn"}^*k*~NOD~^[1](#tfn7){ref-type="fn"}^*k*~NiR~^[2](#tfn8){ref-type="fn"}^$k_{{\mathbf{F}\mathbf{e}^{+ 3}} - \mathbf{N}\mathbf{O}}^{\prime}$^[3](#tfn9){ref-type="fn"}^ReferencesBvHb1.18.18.85.32.8This studyBvHb1.21759.13.10.5This studyAtHb158\[[@BCJ-476-2111C11],[@BCJ-476-2111C32]\]RiceHb183\[[@BCJ-476-2111C12]\]BvHb215.526.38.30.3This studyAtHb211\[[@BCJ-476-2111C11],[@BCJ-476-2111C32]\][^1][^2][^3]

NO dioxygenase-like activity {#s3f}
----------------------------

Estimates of NOD-like activity, followed through the production of the ferric protein, were obtained by mixing the oxyBvHbs with NO at 10°C. Rate constants for these processes were found to be linearly dependent on NO concentration ([Figure 5C](#BCJ-476-2111F5){ref-type="fig"}) and yielding second-order rate constants for the three BvHbs ([Table 2](#BCJ-476-2111TB2){ref-type="table"}). Following oxidation of the heme, a series of slower reactions occur as reported by others that reflect $\text{NO}_{3}^{-}$ escape from the heme cavity and binding of NO to the ferric form ([Figure 5D](#BCJ-476-2111F5){ref-type="fig"}). The rates at which the ferric Hb-NO adduct is formed differs among the BvHbs. These rates were 2.8 s^−1^, 0.5 s^−1^, and 0.3 s^−1^ for BvHb1.1, BvHb1.2, and BvHb2, respectively.

Nitrite reductase activity {#s3g}
--------------------------

The reaction mechanism is shown in Scheme 2, and the end product is Fe(II)-NO ([Figure 5E](#BCJ-476-2111F5){ref-type="fig"}) \[[@BCJ-476-2111C31]\]. Since the generated NO has a very high affinity for the ferrous heme, as demonstrated above, the final product of the reaction will be iron-nitrosyl-heme \[Fe(II)-NO\] \[[@BCJ-476-2111C11]\].

![](BCJ-476-2111-e0004.jpg)

We found that at high concentrations of dithionite the second reaction may be fast and thus the intermediate ferric species may not be seen. In order to assure ourselves of the mechanism we undertook experiments using low dithionite concentrations (but still in excess over the protein concentration). Under those conditions we indeed observed the ferric-NO form, proving the first step of the mechanism was taking place and eliminating the possibility that contaminant NO, possibly resulting from the reaction of nitrite with dithionite, was binding to the heme. Had this been the case, no ferric intermediate would have been observed but rather an immediate production of the ferrous NO species. The stopped-flow experiment, analyzed in terms of a sample sequential model, shows the initial ferrous form converted to the ferric-NO form proving a nitrite reductase activity and then to the ferrous NO form ([Figure 5E](#BCJ-476-2111F5){ref-type="fig"} and Supplementary Figure S4D). The intermediate may be assigned unequivocally as the ferric-NO form by comparing it with the static spectra obtained on adding NO to the ferric protein (Supplementary Figure S4A--C).

Having confirmed that a true NiR activity is present, the remaining stopped-flow experiments reported here were performed at high dithionite as described before \[[@BCJ-476-2111C25]\]. On mixing the ferrous proteins with NO~2~^−^ biphasic reactions were observed. The faster process we assign is the binding of nitrite and production of the ferrous NO complex (at high dithionite concentration the ferric intermediate is not seen). The rate constant (*k*~obs~) for the NiR activity may be seen plotted against NaNO~2~ concentration for each of the three proteins in [Figure 5F](#BCJ-476-2111F5){ref-type="fig"}. The rate constants tend towards the plateau and each data set may be fitted satisfactorily to a hyperbola (eqn 1). These fits yield the maximum value for *k*~obs~ 39 s^−1^, 43 s^−1^, and 20 s^−1^ for BvHb1.1, BvHb1.2, and BvHb2, respectively, which in keeping with the other ferrous ligands, we take to be the His~off~ rate constant. Although this is likely to be the case, we note that the values of His~off~ determined from the nitrite experiments are lower than those found for the CO and NO experiments. These differences are probably due to the requirement of the proximal His to move further away from the heme group to allow the larger and charged nitrite ion access to the heme. Such requirements may well be reflected in an apparently lower His~off~ rate. This effect is more apparent in BvHb1.1 and BvHb2 than in BvHb1.2. The fits in [Figure 5F](#BCJ-476-2111F5){ref-type="fig"} also allow estimates to be made of binding rate constants for nitrite (NO~2~^−^) which are given in [Table 2](#BCJ-476-2111TB2){ref-type="table"}. The results indicate that the entrance of nitrite to the heme pocket is less limited in BvHb2. As a result, BvHb2 has a bimolecular rate constant around 2-fold higher than class-1 BvHbs. When these results are compared with those reported for Arabidopsis and rice nsHbs ([Table 2](#BCJ-476-2111TB2){ref-type="table"}), the NiR activities of the three BvHbs are up to 90- and 700-fold higher than their class-1 and class-2 counterparts, respectively.

Discussion {#s4}
==========

*Beta vulgaris* ssp. *Vulgaris*, sugar beet, is a species the physiology of which has been widely studied owing to its economic significance. In order to get a better insight into the role of its three non-symbiotic Hbs (BvHbs), we investigated their binding properties with regard to endogenous and exogenous ligands. The results obtained are discussed in the light of sugar beet physiology and the known and differing expression profiles of the three BvHbs that are specific in term of organs and developmental stage \[[@BCJ-476-2111C18]\].

Our results, together with data from other plant species, suggest that the affinity of nsHbs for oxygen $({K_{O_{2}}}_{.{pent}})$ is closely related to the phylogeny and evolution of plants. Currently, class-1 Hbs are reported to have a higher affinity for oxygen than class-2 Hbs. We found, however, that this conclusion is not justified if the taxonomy of plants is taken into account. It is apparent that class-1 nsHbs from eudicot plants have oxygen affinities that are not very different from the estimated values for class-2 nsHbs (456 × 10^6^ ± 3.17 × 10^2^ and 343 × 10^6^ ± 3.12 × 10^2 ^M^−1^, respectively) $({K_{O_{2}}}_{.{pent}})$, [Table 1](#BCJ-476-2111TB1){ref-type="table"}). Interestingly, we note that it is the class-1 nsHbs from leguminous plants that have the highest oxygen affinity (8600 × 10^6^ ± 10.2 × 10^3^ M^−1^). These are then followed by the values of monocot plants (1080 × 10^6^ ± 6 × 10^2^ M^−1^). Therefore, the current view on plant nsHbs, where class-1 nsHbs are attributed to have a higher affinity for oxygen than class-2 needs to be reassessed. Such conclusion is misleading and should be modified by stating instead that class-1 nsHbs from legumes and monocots have higher oxygen affinity (3- to 25-fold) than class-1 and class-2 nsHbs from eudicot plants.

The influence of hexacoordination on ligand binding is clearly observed in the reactions with oxygen, CO, and NO. Our results show how important *K*~H~ is for the binding of exogenous ligands. The oxygen association and dissociation rate constants for the pentacoordinate forms of all three proteins are very similar, within a factor of two ([Table 1](#BCJ-476-2111TB1){ref-type="table"}). However, it is the high *K*~H~ value that reduces the overall affinity of BvHb2 (Hb~C~) for oxygen ∼6-fold. The net result of stronger hexacoordination is that class-2 nsHbs have P~50~ values for oxygen binding similar to mammalian Mbs, which are roughly 200-fold greater than class-1 nsHbs and ∼10-fold greater than sHbs \[[@BCJ-476-2111C3]\]. In the case of BvHb1.1 and BvHb1.2 their low *K*~H~ reduces their affinity for oxygen for just ∼2- or 3-fold. The role of distal histidine as a limiting factor for the binding of CO and NO is also clearly observed in our results. The *k*~obs~ in each case approach a limiting value indicating that NO and CO binding is limited by His~off~ ([Figures 2B](#BCJ-476-2111F2){ref-type="fig"} and [5B](#BCJ-476-2111F5){ref-type="fig"}).

When comparing CO binding, the rate constants of binding to pentacoordinate BvHb2 is roughly 5--10 times faster than to both class-1 BvHbs, indicating that the iron accessibility of this protein is much greater. This intrinsic reactivity seems to be the result of both its high histidine dissociation rate and its high hexacoordination fraction. That means that the iron-HisE7 geometry in class-2 proteins is more favorable for ligand binding but, as with oxygen, its overall affinity is lowered by stronger hexacoordination with the distal histidine.

The reaction of nitrite with BvHbs is also affected by their hexacoordination. Our results show that both class-1 BvHbs have between 1.5- to 3-fold lower NiR activities than BvHb2. This result agrees with another study where a pentacoordinate mutant AtHb1 had a much lower NiR activity than a hexacoordinated mutant AtHb2 \[[@BCJ-476-2111C32]\] but contradicts studies in which it was concluded that the NiR activity is higher in Hbs having more pentacoordinate form i.e. lower F~H~ \[[@BCJ-476-2111C11],[@BCJ-476-2111C33]\]. The disagreement can be due to the distinct environment within the heme pocket and its interaction with the ligand. The effect of such interaction was observed on the His~off~ values which were lower when the ligand was nitrite compared with the values obtained with CO and NO.

The three BvHbs studied here bind NO both in their ferrous and ferric form, they can also reduce nitrite in their deoxy forms to produce NO, and in their oxy forms they can oxidize NO to form nitrate. All these at very distinct rates. Although we cannot confidently assign them cellular functions from consideration solely of their biophysical/biochemical properties, it is plausible to propose such functions in the light of these properties and knowledge of their cellular location and expression profiles. Below we put forward proposals for the cellular roles of each BvHb.

BvHb1.2 is only expressed in seeds of sugar beet \[[@BCJ-476-2111C18]\]. These seeds are unusual in the sense that they are surrounded by a protective layer called pericarp. The pericarp serves as the main storage reservoir for nitrate, ammonium and α-amino-N \[[@BCJ-476-2111C34]\]. Since the uptake of external nitrate depends entirely on the actual internal nitrate concentrations, nitrate must be produced by the seed. As demonstrated in this work, nitrate is swiftly produced by BvHb1.2 from NO and oxygen ([Table 2](#BCJ-476-2111TB2){ref-type="table"}). The improved root and shoot growth observed in seedlings treated with a NO donor (SNP) \[[@BCJ-476-2111C35]\] support the role of BvHb1.2 as a NOD. Thus, we suggest that BvHb1.2, thanks to its high NOD-like activity, contributes to the creation in the pericarp of a microenvironment adapted to allow the seedling autonomous growth for 8--10 days after imbibition \[[@BCJ-476-2111C34]\].

A proteomics study has demonstrated that seeds of sugar beet possess mitochondrial and plastid protein addressing systems \[[@BCJ-476-2111C36]\] supporting the presence of BvHb1.1 in seeds which needs to be translocated into chloroplasts \[[@BCJ-476-2111C18]\]. Furthermore, the expression of BvHb1.1 increases by 3-fold in hypocotyls concurring with the end of germination (marked by radicle emergence) and greening process characterized by chloroplast biogenesis \[[@BCJ-476-2111C18],[@BCJ-476-2111C37]\]. Further studies suggest that NO is produced in chloroplasts and that it has a positive role in greening process and hypocotyl formation \[[@BCJ-476-2111C38],[@BCJ-476-2111C39]\]. Since the bimolecular rate constants for NO binding and nitrate formation are not so distinct, it is highly probable that BvHb1.1 modulates NO levels inside the chloroplast in order to avoid its deleterious effects \[[@BCJ-476-2111C37]\]. First, at the very beginning of germination, by binding NO in the absence of oxygen, and later by forming nitrate once the seeds' operculum opens and gas exchange and oxygen level improve \[[@BCJ-476-2111C40]--[@BCJ-476-2111C42]\]. Furthermore, the additional nitrate produced by BvHb1.1 would induce a rapid hypocotyls extension as observed with seedlings treated with external nitrate \[[@BCJ-476-2111C34]\].

Our results show that BvHb2 is highly reactive towards gaseous ligands binding oxygen and CO rapidly ([Table 1](#BCJ-476-2111TB1){ref-type="table"}). It is also able to adopt two different conformational states, stable and metastable, suggesting that BvHb2 is a dynamic protein. This protein is the most expressed Hb in sugar beet and its presence is ubiquitous in all stages of the plant, except seeds. BvHb2 is almost constitutively expressed in leaves where its response to vernalization and photoperiod coincides with the response of carbon allocation and carbohydrate metabolism \[[@BCJ-476-2111C18]\]. A recent transcriptomic study found that carbohydrate metabolism was the most represented and regulated pathway when wax apple was treated with NO \[[@BCJ-476-2111C43]\] but the underlying molecular mechanisms have not yet being investigated. An investigation of a possible role for BvHb2 in regard to carbon metabolism/allocation and NO seems fully worthwhile. It is likely that BvHb2 is regulating NO levels but given the results in this work, in the presence of oxygen and NO, nitrate would be the main product if BvHb2 is promptly reduced.

Turning to the NiR activity, our results show that the reaction with nitrite is at least thousands fold slower than with NO; therefore, the NiR activity of nsHbs, particularly BvHbs, would be relevant for oxygen balance and NO generation only when nitrite concentrations are at mM levels and when both NO and oxygen are low or absent. In plants, a cellular environment characteristically low in oxygen is found in seeds. Borisjuk et al. \[[@BCJ-476-2111C44]\] observed *in vitro* that seeds reduced their oxygen uptake as a response to the increase in NO produced from nitrite, as a result seeds avoided to fall into anoxia. Other studies have also shown that nsHbs are adept at reducing nitrite to NO under anaerobic conditions and low pH \[[@BCJ-476-2111C11],[@BCJ-476-2111C12]\], conditions that are both met in seeds. In seeds of sugar beet, BvHb1.2 is fully capable to reduce nitrite, but as already noted, this activity would be significant when the seeds are close to anoxia.

Finally, we observed that in the absence of a reductant, the three BvHbs are able to bind NO in their ferric form. We put forward the idea that this Ferric-NO form could enact as a signal molecule within a NO sensing mechanism to detect excessive NO levels in the cell. However, more research on this topic needs to be done in order to validate this idea.

In conclusion, the three proteins have distinct intrinsic capabilities to carry out diverse enzymatic reactions; but their location and the appropriate concentration of oxygen, NO, and nitrite will determine their activity. Thus, the role of BvHb1.2 as a NOD-like within the seed is plausible given the high rate at which nitrate is produced. BvHb1.1, in contrast, seems to be equally equipped to bind NO or to act as a NOD, in any case, the main role would be to protect the chloroplast from NO, and how this is achieved needs further investigation. Finally, the capacity of BvHb2 to adopt 'open and closed forms' depending on ligand concentration confers reactivity and enzymatic versatility to this protein. Since its ubiquitous expression coincides with vernalization and carbon allocation behavior we postulate the existence of an oxygen concentration-dependent relation between NO, BvHb2, and carbon metabolism. In conditions such vernalization and flowering, when oxygen is indispensable for carbon allocation, BvHb2 may help to maintain ATP levels, energy changes, and prevent the onset of cell death, but it is a hypothesis that needs to be proven.
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